One of the most important functions of immune T cells is to recognize the presence of the pathogen-derived ligands and to quickly respond to them while at the same time not to respond to its own ligands. This is known as an absolute discrimination, and it is one of the most challenging phenomena to explain. The effectiveness of pathogen detection by T cell receptor (TCR) is limited by the chemical similarity of foreign and self-peptides and very low concentrations of foreign ligands. We propose a new mechanism of the absolute discrimination by T cells. It is suggested that the decision to activate or not to activate the immune response is controlled by the time to reach the stationary concentration of the TCR-ligand activated complex, which transfers the signal to downstream cellular biochemical networks. Our theoretical method models T-cell receptor phosphorylation events as a sequence of stochastic transitions between discrete biochemical states, and this allows us to explicitly describe the dynamical properties of the system. It is found that the proposed criterion on the relaxation times is able to explain available experimental observations. In addition, our theoretical approach explicitly analyzes the relationships between speed, sensitivity and specificity of the T cell functioning, which are the main characteristics of the process. Thus, it clarifies the molecular picture of the T cell activation processes in immune response. 2 responding to various diseases in healthy organisms [24, 32]. Activation of T cells relies on binding between a T 3 cell receptor (TCR) and its peptide major histocompatibility complex (pMHC) on the surface of 4 antigen-presenting cells. The inappropriate activation of T cells towards self-peptides and endogenous 5 antigens leads to serious allergic and autoimmune responses [24]. It is known that two main factors can 6 complicate the successful T cell functioning. First, biochemical similarity of the self-peptides and foreign 7 peptides makes it very difficult for the T cell to elicit proper responses toward the right targets. Second, the 8 concentrations of self-peptides in cells is known to be several orders of magnitude larger than the 9 concentrations of foreign peptides [8, 20, 39]. The problem is that the T cells must identify very few foreign 10 ligands in the "sea" of chemically similar self-ligands, and this should be done very quickly to avoid pathogens 11 affecting the organisms. In other words, the successful functioning of the T cells must be simultaneously 12 characterized by high degrees of sensitivity, specificity and speed [12].
Introduction 1 T cells are essential components of the adaptive immune system, and they play a central role in detecting and phosphorylation events are taking place before the final fully phosphorylated state capable of activating the 23 immune response is achieved. This leads to a delay between ligand binding and T cell signaling. This 24 observation stimulated a lifetime binding concept that there is a threshold in the binding times that separates 25 two types of ligands [17, 18, 22, 23, 30] . According to this idea, T cells do not respond to fast binders (less than 26 ∼ 3 − 5 s), but they respond to ligands with longer association times. The subject remains controversial with 27 several alternative ideas been proposed and discussed [3, 13, 15, 25] . Recent experimental studies using 28 optogenetics techniques, however, indicated the support for the kinetic proofreading as a regulatory 29 mechanism for the activation of the T cell receptor [38, 41] , but the molecular details of the underlying 30 processes are still not well understood. 31 Although the binding lifetime was found to be a good predictor for activation of T cells in some situations, 32 in many systems it did not correlate well with the correct activation events [17, 34] . The strongest challenge to 33 the lifetime binding concept comes from recent experimental measurements on interactions between T-cell 34 receptors and peptide-MHC ligands [17, 34] . It was found that for fast binding peptides the lifetime failed to 35 correctly predict the activation. In these cases, the binding lifetimes were short but the activation still took 36 place. To explain these observations, it was argued that because of the fast on-rates there are multiple 37 rebindings that effectively increase the overall association lifetime [17] . However, there are several issues with 38 this approach. It assumes a slow signaling deactivation in the system which contradicts the kinetic 39 proofreading mechanism. In addition, it was shown from experimental data that only 1 or 2 rebindings might 40 happen, and the overall correlation between the aggregate binding lifetimes and the T cells activation improves 41 only slightly. Furthermore, the molecular origin of the binding lifetime being the criterion for activation 42 remains unexplained. A schematic view representation of the simplest kinetic proofreading model for the antigen discrimination. Each state n (1 ≤ n ≤ N ) corresponds to a complex between TCR and pMHC with different degree of phosphorylation. State n = 0 describes the unbound TCR and pMHC species. The immune response is activated when the system reaches the state n = N .
Here we propose a new hypothesis on the origin of absolute discrimination in T cells. We argue that the 44 decision to activate or not to activate the immune response is governed by the characteristic time scales to 45 form the active TCR-ligand complex that transfers the signal to the corresponding biochemical networks. The 46 idea is developed in terms of a discrete-state stochastic model for T cell signaling that adopts a single-molecule 47 view of the antigen discrimination process. It allows us to explicitly evaluate all relevant properties of the some relevant processes taking place during the interactions between the T cell and peptide ligands. Note that 66 the TCR signaling transduction is a very complex biochemical process that involves multiple proteins, such as 67 LCK, ZAP70, LAT, which recruit another effector and adaptor molecules [16] . Correlations between the stationary state probability function P N and the ligand potency EC 50 (in units of µM). Fitting analysis yields a coefficient R 2 equal to 0.64. The data and kinetic parameters to evaluate P N are taken from Ref [2] , and they are also presented in the SI. In calculations, N = 6 and k p = 0.1 s −1 were utilized.
Results

69
To simplify calculations, we adopt a single-molecule view of the process, i.e., the interaction between 1 TCR 70 and 1 pMHC molecules are considered. Let us define a function P n (t ) as the probability to reach the state n at 71 time t . At t = 0, the system starts in the unbounded state n = 0. The time evolutions of these probabilities are 72 governed by following master equations,
for n = 0, and for 1 < n < N and
for n = N . We note that the probability functions are a subject to normalization condition, N n=0 P n (t ) = 1. As 76 shown in the SI, the stationary probability to reach the state N can be found from Eqs. (1) and (2) when the left 77 sides of these equations are set to be equal to zero, yielding
This expression has a clear physical meaning. The first term, In our theoretical approach, we assume that the T cell makes the decision to activate when the system 83 reaches the final phosphorylated state (n = N in Fig. 1 ). Thus, the function P N can be regarded as a triggering 84 probability such that the higher values of P N correspond to the higher probability of activation. This can be 85 tested using the experimental data as shown in Fig. 2 . Using the kinetic parameters associated with different 86 mutants of a tumor-associated protein NY-ESO-1 157−165 interacting with 1G4 TCR [2], one can estimate P N for 87 different peptides and compare them with the half maximal effective concentrations (EC 50 ), or ligand potency. 88 EC 50 is a concentration of the ligand that induces the activation of T cells in 50% of cases. Thus, the lower 89 values of EC 50 describe strong activation, while the higher values of EC 50 correspond to weak activation 90 response. Fig. 2 shows that the T cell activation correlates with the probability of finding the system in the final 91 phosphorylated state n = N , and this clearly supports our theoretical arguments. Although the correlation is Having argued that the fully phosphorylated conformation of the TCR-pMHC complex is most probably 96 responsible for the activation of the immune response, we propose that the discrimination between 97 self-ligands and foreign peptides is controlled by the time to reach the stationary level of this conformational 98 state. This time, which is also known as a local relaxation time, is defined as a time to achieve the stationary 99 probability P N in the state n = N if originally the system started in the state n = 0 (unbound TCR and pMHC 100 molecules). It can be explicitly evaluated using a theoretical method presented in Ref. [5] . One could define a 101 4/11 local relaxation function for the state n > 0,
The physical meaning of this function is the relative distance to the stationary state at the state n at time t . For 103 n > 0 we have R n (t = 0) = 1, and R n (t → ∞) = 0. It can be shown that the average time τ n to reach the 104 stationary concentration at the state n can be explicitly evaluated knowing the function R n (t ) (see the details of 105 calculations in the SI). For the fully phosphorylated complex n = N we obtain,
In this expression, the first term describes the time to go from the state n = 1 to the final state n = N via N − 1 107 phosphorylation events, while the second term is the time responsible for establishing the stationary 108 conditions between the unbound and bound conformations in the system. Thus, our main idea is that for the 109 ligands with the relaxation time to the final signaling state less than some threshold time t 0 the activation does 110 not happen, while for τ N > t 0 the immune response is activated. Experimental data also suggest that this , we present the relaxation times and the ligand potency for different T cell receptors in Fig. 4 (top) . 124 One can see that data can be clearly separated into two different groups. For τ N < 5 s the value of EC 50 is large, 125 indicating that the probability of activating the immune response is low. But the situation is different for τ N > 5 126 s: here the value of EC 50 is small, and the system should be activated for these peptides. Similar observations 127 are found for a different experimental system of C D4 T cells as presented in Fig. 4 (bottom) . Again, the T cell 128 activation is governed by the relaxation times. In this system, the self-ligands have τ N < t 0 , while the foreign 129 peptides exhibit τ N > t 0 with t 0 ∼ 3 − 4 s. These results are generally supporting our hypothesis on the existence 130 of the threshold time for the specific system in Fig. 4 that divides the relaxation times for the self-peptides 131 (short times) and for the foreign ligands (long times) and determines the activation outcome.
132
Our theoretical approach also allows us to quantify the most important characteristics of the T cell 133 activation process, namely, speed, sensitivity and selectivity, and the relations between them. It has been 134 argued that the successful functioning of the immune system requires that all three properties to be in a 135 specific range of parameters, which is called a "golden triangle" [12] . It is known that the T cells spend limited 136 time in the vicinity of the antigen presenting cells [10, 28, 29, 33] . This requires that the T cells must act quickly 137 to recognize and to respond to the foreign ligands. Stimulated by our theoretical hypothesis on the importance 138 of the relaxation times, we naturally define the speed of the T cell signaling as the inverse of the time to reach 139 the stationary concentration of the TCR-ligand activated complex,
Using realistic values of the transition rates, we plot the dependence of the T cell activation speed on the 141 number of phosphorylation steps in Fig. 5a and on the phosphorylation rate in Fig. 6a . Increasing the number 142 of intermediate phosphorylation steps dramatically lowers the speed of activation (Fig. 5a ). This is the These data are also presented in the SI. In calculations, N = 6 and k p = 0.1 s −1 were utilized.
expected result because it takes longer times for the system to reach the final signaling state n = N after the 144 initial binding of TCR to pMHC. The trend is opposite for varying the phosphorylation rate ( Fig. 6a ). Increasing 145 k p accelerates the speed of the T cell activation because the system can now reach the final state n = N faster 146 [see Eq. (6)]. However, the effect of varying the phosphorylation rate is generally weaker than changing the 147 number of the intermediate steps in the KPR model, suggesting that for real systems the number of 148 phosphorylation events cannot be large.
149
The second major characteristics of the T cell response is sensitivity. It has been shown that the T cells 150 recognize and respond to a very small amount of pathogen-derived ligands on antigen presenting cells [20, 36] . 151 Sensitivity can be viewed as the probability of the achieving a state when the T cell activation starts [7] . In our 152 formalism, this is equivalent to the probability of the stationary concentration for the fully modified TCR-ligand 153 complex,
In Figs. 5b and 6b , we present the effect of varying the number of intermediate states and the phosphorylation 155 rate on the sensitivity, respectively. Our calculations suggest that the sensitivity is lower for larger number of 156 phosphorylation events N (Fig. 5b) , while it strongly increases and then saturates with increasing the 
Increasing the number of intermediate steps lowers the probability of reaching the final state that starts the 159 immune response. At the same time, increasing the phosphorylation rate drives the system into the direction of 160 the final state n = N , and this should increase the sensitivity.
161
Specificity is the third important property of the T cell activation. Experiments suggest that even if 162 self-ligands are presented in concentrations as high as 10 5 times more than the foreign ligands, the T cells are 163 able to respond only to the foreign peptides. Following the definition presented in Ref.
[7], we define the 164 specificity as the probability that the T cells produced signal is correct. Given that the TCR is exposed to specific 165 and non-specific ligands in live cells, the specificity can be approximated as, 
In this expression, P (foreign) N and P (self) N are the probabilities to reach the final signaling state for the foreign and 167 self-ligand, respectively, for independent interactions events between TCR and pMHC molecules. In this 168 definition, the specificity is varying between 0 (low specificity) and 1 (high specificity). Figs. 5c and 6c show 169 how the specificity varies with the number of phosphorylation steps and the phosphorylation rate, respectively. 170 Increasing N makes the T cell activation very specific. This is because at each state n > 0 self-ligands dissociate 171 faster from the complex, and this lowers the probability of reaching the final signaling state n = N . The effect is 172 stronger with larger N , and this improves the specificity (Fig. 5c ). But increasing the phosphorylation rate 173 lowers the specificity (Fig. 6c ). In this case, both self-ligands and foreign ligands are quickly driven into the final 174 signaling state, and there is no time for discrimination between different peptides. This result explains recent 175 observations on tyrosine phosphorylation of the T cell adapter protein LAT at position Y132 [26] . In these 176 experiments, the mutations that lead to faster phosphorylation kinetics have negative consequences for ligand 177 discrimination. Our theoretical approach is able to explain from the molecular point of view. 
Discussion
179
In this paper, we propose a new criterion for absolute ligand discrimination in T cells activation. It argues that 180 the relaxation time of forming the stationary concentrations of the final signaling complexes between TCR and 181 pMHC governs the activation of the immune response. When these relaxation times are shorter than some 182 threshold value, the signal is not activated, while for longer relaxation times the response is activated. The 183 available experimental data generally support this picture. It should be noted that our hypothesis does not fully 184 contradict the existing concept of binding lifetimes being the decisive factors in the activation. This is because 185 in many situations the relaxation times and the binding lifetimes correlate with each other. But the proposed 186 criterion works also in the situations when the binding lifetime concept fails. Thus, the hypothesis generalizes 187 the existing views and it allows us to resolve contradictory experimental observations. It also gives a clearer 188 molecular picture of events leading to the activation of T cells.
189
One of the advantages of our theoretical method is the ability to comprehensively describe the major 190 properties of T cell activation such as speed, sensitivity and specificity. Exact analytical expressions for all these 191 properties are presented, allowing us to analyze the intrinsic relations between them. It is shown explicitly that 192 the specific biochemical conditions might be optimized to effectively activate the T cell response in the most 193 efficient way. This would explain how the immune response in biological systems can be simultaneously fast, 194 sensitive and specific. It will be also important in future to investigate the energy dissipation and other 195 properties of the T cells activation in order to test if other features of the immune response can be optimized in 196 the similar fashion [4, 9] .
197
The proposed criterion that the relaxation times control the switching of the immune response agrees when the signal can be reliably produced) faster than the completion of the biochemical cascade activated after 206 the binding, then the second biochemical cascade starts and it cancels the first one. As a result, the response is 207 not activated. However, if the final signaling state reached later than the first cascade is completed, the 208 cancellation does not happen and the immune response starts. This picture provides a possible explanation for 209 the appearance of the threshold and its relation with the relaxation times. It will be important to get more 210 molecular information on the processes governing the T cells activation.
211
Although the presented theoretical approach is able to provide a consistent description of the activation 212 processes in T cells, it should be emphasized that the model is very simplified with multiple assumptions that 213 need to be fully explored, and it also neglects some important features of the process. For example, it is realistic 214 to expect a more complex biochemical network description of the interactions between TCR and pMHC [3, 16] . 215 More specifically, the phosphorylation rate and dissociation rates might be conformational state dependent 216 and the system might have multiple feedback loops. In the SI, the calculations for the more general situation is 217 presented. Furthermore, our method completely neglects the role of the cellular membranes where TCR are 218 located, cell-cell communications and cell topography during the interactions. These aspects might be 219 important for the activation of immune response. However, despite these issues, our method provides a simple 220 quantitative theoretical description of TCR triggering, which is based on fundamental physical-chemical 221 principles. Another advantage of our approach is that it gives experimentally testable predictions on major 222
properties of the T cells activation. This should clarify the molecular picture of the immune response in 223 biological systems.
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Relaxation times of ligand-receptor complex formation control T cell activation
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In this supporting information we provide details of calculations for the equations in the main text. We define a function P n (t ) as the probability to reach the state n at time t . The dynamics in the system can be 3 described by a set of master equations:
[S1] 5 for n = 0, and
for n = N . We also have the normalization condition, 10 N n=0 P n (t ) = 1.
[S4]
11
In the Laplace language, these equations can be rewritten as Fig. 1 . A schematic view representation of the simplest kinetic proofreading model for the antigen discrimination. Each state n (1 ≤ n ≤ N ) corresponds to a complex between TCR and pMHC with different degree of phosphorylation. State n = 0 describes the unbound TCR and pMHC species. The immune response is activated when the system reaches the state n = N .
for 0 < n < N ; and
[S12]
28 and for n = N . The stationary probabilities can be found from Eqns. S1, S2, S3 for large times when the left sides 29 of these equations are equal to zero. We obtain then,
33 and for n = N ,
[S15]
35
The dependence of the stationary probabilities P N on various kinetic rates in the system is presented in Fig. 2 .
36
Now let us derive the times to reach the stationary states at the site n. We define a relaxation function R n (t ), which 
37
is given by 38 R n (t ) = 1 − P n (t ) P n .
[S16]
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The physical meaning of this function is the relative distance to the stationary state at the state n. For n > 0, we 40 have R n (t = 0) = 1, and R n (t → ∞) = 0. Therefore, it can be shown that the average time to reach the stationary 41 concentration at the state n is equal to τ n = R n (s = 0). Using this expression, we obtain the times to reach the 42 stationary states at the fully modified complex n = N , In this section, we calculate the mean first passage time to reach a specific state. Since we only consider the 51 first-passage times, the system dynamics become independent of the initial equilibrium binding as shown in 52 Fig 2. Here we present a general model with inhomogeneous kinetic rates. We define F n (t ) as the probability to 53 reach state N at time t if at t = 0 the system starts in the state n = 1. Time evolution of this function is governed by 54 following backward master equation: [S22] 60 We define T n as a mean-first passage time to reach the state N from the the state n. Using the probability 61 density function F n (t ), it can be written as 62 T 1 = − ∂ F 1 ∂s | s=0 F n (s = 0)
.
[S23]
63
Thus, the first-passage time is given by
[S24]
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For the homogeneous kinetic rates, we obtain,
To test our theoretical calculations in the main text, we utilized the kinetic rates obtained from experimental 68 observations in Refs. (1, 2) . They are presented in Table S1 and Table S2 . These data are also employed for 
